It is well established that high radon exposures increase the risk of lung cancer mortality. The effects of low occupational exposures and the factors that confound and modify this risk are not clear and are needed to inform current radiation protection of miners. The risk of lung cancer mortality at low radon exposures (< 100 working-level months) was assessed in the joint cohort analysis of Czech, French, and Canadian uranium miners, employed in 1953 or later. Statistical analysis was based on linear Poisson regression modeling with grouped cohort survival data. Two sensitivity analyses were used to assess potential confounding from tobacco smoking. A statistically significant linear relationship between radon exposure and lung cancer mortality was found. The excess relative risk per working-level month was 0.022 (95% confidence intervals: 0.013-0.034), based on 408 lung cancer deaths and 394,236 person-years of risk. Time since exposure was a statistically significant modifier; risk decreased with increasing time since exposure. A tendency for a decrease in risk with increasing attained age was observed, but this was not statistically significant. Exposure rate was not found to be a modifier of the excess relative risk. The potential confounding effect of tobacco smoking was estimated to be small and did not substantially change the radon-lung cancer mortality risk estimates. This joint cohort analysis provides strong evidence for an increased risk of lung cancer mortality from low occupational radon exposures. The results suggest that radiation protection measures continue to be important among current uranium miners.
Introduction
It is well established that in underground miners with very high radon exposures, there is a linear dose-response relationship between radon exposure and lung cancer mortality (National Research Council 1999) . This is the primary basis for the classification of radon ( 222 Rn) and its short lived progeny ( 218 Po, 214 Pb, 214 Bi, and 214 Po) as Group 1 human carcinogens by the International Agency for Research on Cancer (IARC) (IARC 2012b) . The term radon is used throughout this article and refers to radon and radon progeny, synonymously.
Evidence of the radon-lung cancer relationship derives largely from studies of miners who started working prior to time periods when radiation protection measures substantially reduced radon exposures in mines and when exposures were largely based on imprecise estimates. The long-term lung cancer risk of current miners exposed to very low radon exposures [mean < 0.25 working-level month per year (WLM/year)] is less certain. It is not feasible to conduct long-term follow-up cohort studies at such low exposures, especially because of the lack of statistical power and the importance of the confounding effects of tobacco smoking and residential radon exposure (CNSC 2003) . Relevant evidence can be drawn from updated historic cohorts of uranium miners, particularly during periods after radon mitigation measures were in place and exposure measurements were of high quality.
Studies of underground miners, including joint cohort analyses (National Research Council 1999; Tomasek et al. Franco Momoli and Julian Little senior authors.
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2008; Lubin et al. 1997) , updated cohorts (Tomasek 2012; Lane et al. 2010; Rage et al. 2015 Rage et al. , 2018 Walsh et al. 2015; Navaranjan et al. 2010 Navaranjan et al. , 2016 Kreuzer et al. 2015 Kreuzer et al. , 2018 Vacquier et al. 2009 ), and nested case-control studies (Hunter et al. 2013; Leuraud et al. 2011) , have advanced our understanding of the health effects of radon. Several analyses have focused on relatively low radon exposures and exposure rates, or time periods during which routine radon measurements in work areas and/or of individuals were made, as distinct from estimates or extrapolations (Tomasek et al. 2008; Lubin et al. 1997; Rage et al. 2012 Rage et al. , 2015 Rage et al. , 2018 Navaranjan et al. 2016; Kreuzer et al. 2015 Kreuzer et al. , 2018 Hunter et al. 2013; Leuraud et al. 2011; Vacquier et al. 2011) . These studies are important, since they provide statistically significant lung cancer estimates at occupational radon exposure of about 50 WLM. However, individual cohort studies have limited statistical power to assess lung cancer risk at low exposures. Likewise, the past joint cohort studies included time periods in which radon exposure was estimated or extrapolated. In the assessment of risk associated with low radon exposures, addressing sources of potential confounding is of concern. In particular, tobacco smoking is the primary cause of lung cancer worldwide (IARC 2012c) . Uranium miners are known to have high prevalence rates of tobacco smoking (National Research Council 1999; Kreuzer et al. 2018; Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Villeneuve et al. 2007; Schubauer-Berigan et al. 2009; Schnelzer et al. 2010; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991; Amabile et al. 2009) . A challenge in historic cohort studies is that information on tobacco smoking is not readily available. However, some cohorts have smoking information for a subset of miners (Kreuzer et al. , 2018 Villeneuve et al. 2007; Schubauer-Berigan et al. 2009 ) and some have smoking information from case-control studies nested within them (Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Schnelzer et al. 2010; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991; Amabile et al. 2009 ).
The French and Czech cohorts of uranium miners had been combined for time periods when radiation protection and routine radon monitoring programs were in place (Tomasek et al. 2008) . The Beaverlodge cohort of uranium miners, which was part of the Canadian Eldorado cohort, included a large number of workers employed after routine radiation protection and regular radon monitoring were in place (Lane et al. 2010) . Miners from these three cohorts can be used to estimate the radon-lung cancer risk of current uranium miners. Therefore, this paper reports on the joint analysis of the French, Czech, and Beaverlodge cohort of uranium miners. These miners were employed after radon mitigation measures were in place and when individual radon exposure data were of good quality. The main objective of this study was to assess the radon-lung cancer mortality relationship at low radon exposures (< 100 WLM) and to consider carefully the possible impact of tobacco smoking, and modifying factors, on this relationship.
Methods

Study design and grouped person-year data
This study is based on three historic cohorts of uranium miners from the Czech Republic, France, and Canada. Their characteristics (i.e., type of workers, mine location, and time period of employment) are summarized in Table 1 . Detailed information is reported elsewhere for the Czech (Tomasek et al. 2008) , French ) and Beaverlodge (Lane et al. 2010) cohorts.
Restricted calendar year ranges were established for each cohort to harmonize the three cohorts as much as possible in terms of the nature and measurement of exposure for the current analysis (Table 2) . Thus, the cohorts were restricted to time periods after radon protection measures were introduced, especially mechanical ventilation systems, and when radon progeny measurements were routinely made, in work areas and/or of individuals, as part of regulatory requirements. These periods correspond to lower radon exposures and lower radon exposure rates (Tomasek et al. 2008; Lane et al. 2010; Vacquier et al. 2011; Rage et al. 2012) . Thus, 1953 Thus, -1999 Thus, , 1956 Thus, -1999 Thus, , and 1965 Thus, -1999 were the time periods used for the Czech, French, and Beaverlodge cohorts of uranium miners, respectively, for this analysis.
Unfortunately, because of privacy restrictions, only the aggregate person-year tables were available for the Beaverlodge cohort. Thus, person-year tables were provided specific for this analysis for the Czech and French cohorts. No individual information was available.
For all workers, person-years were accumulated from the date of entry into the cohort (the start of follow-up). This was the date of first employment plus 1 year for the French (i.e., 1956 + 1 year) and Czech (Příbram) cohort (i.e., 1968 + 1 year), the date of first employment plus 4 years for the Czech (Jáchymov) cohort (i.e., 1953 + 4 years), and the first day of employment for the Beaverlodge workers (i.e., 1965) . In the Czech and French cohorts, each individual contributed person-years from the start of follow-up to the earliest of the date of death, emigration (Czech), loss to follow-up, age 85 years, or December 31, 1999, which was the end of the study period (Tomasek et al. 2008; Vacquier et al. 2011; Rage et al. 2012 ). In the Beaverlodge cohort, each individual contributed person-years from the start of follow-up to the earliest of the date of death, the last date known alive, or December 31, 1999 (Lane et al. 2010) . For comparability reasons, the end of the study period was 1999 for all cohorts [despite the French and Czech cohorts having (Rage et al. 2015 (Rage et al. , 2018 and 2010 (Tomasek 2012) , respectively]. Beaverlodge person-time contributions before 1965 were excluded for this analysis; however, post-1965 personyears were included among workers first hired before 1965 who continued to work after 1965. This could introduce a potential healthy worker survivor selection bias, by mixing of "prevalent" and "incident" hires (Costello et al. 2011; Applebaum et al. 2007) .
Two sensitivity analyses assessed the impact of "prevalent" hires in the Beaverlodge cohort. The first sensitivity analysis compared the excess relative risk/working-level month (ERR/WLM) of Beaverlodge person-year restrictions to calendar year periods 1950-1999 (incident hires) and 1965-1999 (includes prevalent hires) . In the second sensitivity analysis, it was not possible to determine how many workers started working before 1965 and continued working after 1965; however, the number of person-years before and after 1965 was determined.
The Czech and French cohorts had a minimum 1-year or 4-year employment eligibility criterion. The Beaverlodge cohort did not restrict workers by duration of employment. All workers on the payroll for 1 day or more were included; however, the summary person-year experience was crossclassified by total duration of employment (< 6 months and ≥ 6 months). This was because lung cancer risk was high before 6 months, decreased after 6 months then remained constant (Lane et al. 2010) . Person-years for those employed < 6 months were excluded from the current joint analysis to reduce potential healthy worker survivor bias (Buckley et al. 2015) and to better align Beaverlodge with the Czech and French miners, who had a minimum 1-year or 4-year employment eligibility criterion. The person-year tables would not allow us to perform sensitivity analysis with a minimum of 1 year to be homogeneous with the Czech and French cohorts. Beaverlodge workers employed < 6 months represented 27.5% (74) 
Lung cancer mortality and follow-up
The International Classification of Disease (ICD) codes (WHO 1998) were used to code and classify mortality data from vital statistics sources (Table 3 ). The original ICD codes for underlying cause of death of lung cancer were recoded to the ICD 9th revision.
The person-years for the French cohort were corrected to adjust for 32% missing causes of death in France before 1965, and 28% missing causes of death from 1965 to 1969 prior to when the national mortality database existed, as the rates in early years would be otherwise underestimated. Only 0.8% of deaths had missing causes, thereafter (Tomasek et al. 2008) .
In the Czech and French cohorts, follow-up was censored at age 85 years to reduce potential bias due to missing information and uncertainty of diagnoses in older age categories (Tomasek et al. 2008 ); a relatively high proportion of causes of death in older workers were submitted by doctors (not based on autopsy) and are known to be subject to error (Rage et al. 2012 ). In the Beaverlodge cohort, follow-up was censored at age 100 years (Lane et al. 2010) . Misclassification of lung cancer deaths from Beaverlodge workers age 85-100 years would have minimal impact on risk estimates because of the high quality of Canadian cancer incidence and mortality databases (Statistics Canada 2013).
Only 2.5% of miners were lost to follow-up, based on the joint analysis of the Czech and French cohorts that this study is largely based (Tomasek et al. 2008) . Less than 1% of miners were lost to follow-up in the Alpha Risk project (Tirmarche et al. 2010 ) among Czech (1948 -1999 and French (1946 French ( -1999 cohorts; likewise, about 1% of French miners were lost to follow-up (Vacquier et al. 2011 ). In the Eldorado cohort, 7% of workers with a social insurance number (SIN) were lost to follow-up (CNSC 2004); however, this information was not provided for the Eldorado sub-cohorts (Lane et al. 2010) . Most Beaverlodge workers first employed from 1965 would have a SIN; this would substantially improve record linkage. Loss to followup of Beaverlodge workers in this analysis is most likely less than 7%.
Exposure: radon progeny
Radon progeny exposure was measured during monitoring activities, and reported as radon gas concentrations (converted to radon progeny concentrations using equilibrium factors in mines) or direct radon progeny concentrations in ambient air and characterized with employment details (e.g., duration of underground work in different shafts or other work areas within mines, and job type). Alternatively, personal alpha dosimeters (PADs), worn by miners, determined the potential alpha-particle energy of radon progeny to the individual. Radon progeny exposures were considered high quality if a large number of ambient radon gas or radon progeny measurements taken in specific work areas within the mines, or individual radon progeny exposures determined directly from PADs, were taken during the follow-up periods ( Table 2) . Details of the exposure measurement methods are reported elsewhere (Tomasek et al. 2008; Lane et al. 2010; Vacquier et al. 2011; Rage et al. 2012) . Occupational exposure to radon and its progeny was characterized as the product of time in the workplace (months) and the radon progeny concentration, measured in working levels (WL) in the workplace air, resulting in working-level months (WLM). One WL is the concentration of radon progeny in 1 L of air that will result in the emission of 1.3 × 10 5
MeV of potential alpha-particle energy after complete decay. Radon progeny concentrations (WL) were converted to radon progeny exposures by multiplying by 170 h worked (1 month of work corresponds to 170 h). Therefore, one WLM is the cumulative exposure to an individual from breathing in an atmosphere, at a radon progeny concentration of 1 WL, over one working month of 170 h (ICRP 2010). In the present paper, radon exposure is expressed as a cumulative mean weighted by person-years, and lagged by 5 years, throughout follow-up.
Statistical analysis
The primary statistical analysis was based on an internal Poisson regression model with grouped survival data (Breslow and Day 1987; Preston and Users Group (SESUG) 1996; Preston and Shilnikova 2017). Person-year grouped data were cross-classified on several time scales and other relevant explanatory variables. This included three sub-cohorts (Czech, French, and Beaverlodge) and standardized strata: 12 strata of age at risk (≤ 29; 5 year intervals from 30 to 34 to 75-79; 80-100), and 9 strata of calendar year at risk (5 year intervals from 1955-1959 to 1995-1999) . Each stratum was further described by mean radon exposure (i.e., 5-year lagged and weighted by person-years at risk), mean age at first radon exposure, mean time since first exposure, and mean exposure rate.
Radon exposures were lagged by 5 years to account for a minimal induction time and to control for issues of 'reverse causality' (Buckley et al. 2015) . A 5-year lag interval has a strong theoretical base (National Research Council 1999; IARC 2012a ) and has been used in most analyses of cancer risk in uranium miners (Tomasek 2012; Lane et al. 2010; Navaranjan et al. 2016; Kreuzer et al. 2015 Kreuzer et al. , 2018 Rage et al. 2018) .
Linear excess relative risk (ERR) models were fit using background stratification to estimate background rates (National Research Council 1999; Richardson et al. 2012 ), which depend mostly on age and sub-cohort:
where Rate w is the lung cancer mortality rate at cumulative exposure w, and w is the 5-year lagged continuous exposure, in WLM. Rate o is the background lung cancer mortality rate, stratified for three strata of sub-cohort and 12 strata of age
at risk. Calendar year at risk is closely associated with average exposure rate, duration of exposure, time since exposure (National Research Council 1999) , and especially the quality of radon exposure measurements. Thus, the background lung cancer mortality rate was not stratified by calendar year at risk for this analysis to avoid collinearity with these factors. In the model, β estimates the ERR per unit of radon exposure in WLM. Adding 1.0 to the ERR/WLM results in the Relative Risk (RR) at 100 WLM of radon exposure.
Most analyses were restricted to cumulative radon exposures < 100 WLM for the three cohorts separately and combined. The reference category represented hypothetical workers at 0.0 WLM when the results are presented as rate ratios or relative risks (RR) in different exposure categories. Exposure categories are based on a relatively even distribution of the number of lung cancer deaths.
We also addressed effect modification, by expanding Eq. 1 to assess whether the radon-lung cancer mortality relationship depended on three time since exposure windows (5-14, 15-24, and 25 + years), four attained age categories (< 55, 55-64, 65-74 , and 75 + years), or three or six exposure rate categories (< 0.5, 0.5-4.9, 5.0 + WL; < 0.5, 0.5-1.0, 1.0-3.0, 3.0-5.0, 5.0-15, and 15 + WL). Covariate adjustment (or modifying effects of other variables) is used for better fit, as the linear model (more precisely its regression coefficient) is not the same for all other variables (such as time, age, and exposure rate).
A modified ERR model was used, such that where z i are potential modifying factors and exponentiated γ i are the estimated RRs of the modifying factors relative to a baseline ERR. Two sensitivity analyses assessed the consistency of the effect modifier findings. The first combined two of each of the three sub-cohorts and the second limited the initial joint cohort to exposure rates ≤ 5.0 WL (616 lung cancer deaths and 419,521 person-years of follow-up).
All statistical analyses used the AMFIT module in the EPIWIN implementation of EPICURE for Windows (Preston and Shilnikova 2017) . Tests of statistical significance used the likelihood ratio test, comparing two nested models with and without the radon exposure variable. A restriction was imposed on possible values of β from the ERR models, such that the corresponding RR estimate could not be negative (Zablotska et al. 2013) .
Potential confounding by unmeasured tobacco smoking
The prevalence of tobacco smoking was not available in the Czech, French, or Beaverlodge cohorts of uranium miners
used in this analysis. Two different sensitivity analyses were devised to provide a range of possible indirect estimates of the magnitude of the confounding effect of tobacco smoking had it been possible to control for it directly. The first method (Steenland and Greenland 2004 ) relied on external information on the smoking prevalence among miners, and external information on the strength of association of lung cancer mortality for current (current or ex-smoker < 10 years), former (ex-smoker ≥ 10 years), and never smokers (Hunter et al. 2013) . External information on the smoking prevalence of uranium miners for radon-exposed workers (50-99 WLM) and workers at reduced exposure (a reference level of < 25 WLM) came from special tabulations of the European joint nested case-control study of uranium miners (Hunter et al. 2013 ) (Supplementary Table 1 ; Hunter, special tabulations, 2016-10-17) . External information on the strength of association of lung cancer mortality for current (RR = 8.96) and former (RR 3.85) smokers compared to never smokers came from a meta-analysis of tobacco smoking and cancer that included the tobacco-lung cancer relationship (Gandini et al. 2008) .
The prevalence of ever-smokers was also adjusted to reflect the range of reported smoking prevalence rates (60-80%) among uranium miners (CNSC 2003; Kreuzer et al. 2018; Villeneuve et al. 2007; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991; Leuraud et al. 2007; Amabile et al. 2009 ). If p(never, 50-99 WLM), p(former, 50-99 WLM), p(current, 50-99 WLM) and p(never, < 25 WLM), p(former, < 25 WLM), p(current, < 25 WLM) are the proportions of never, former, and current smokers in the two categories of radon exposure, then the elevation in the rate of lung cancer mortality due to tobacco smoking would be a weighted average of the smoking-specific rate ratios (Steenland and Greenland 2004) .
To derive the magnitude of confounding bias due to unmeasured smoking, we assumed that there were no other unmeasured confounders, radon exposure had no effect on the risk of lung cancer mortality, and tobacco smoking was not an effect modifier of the radon-lung cancer relationship. Thus, the magnitude of bias in the comparison of radonexposed miners to reference level miners would be derived by
The smoking-adjusted RR for radon exposure can then be estimated by dividing the unadjusted RR derived in the primary analyses by the bias factor estimated above:
Bias .
The second method relied on the estimated magnitude of bias from a direct comparison of smoking-unadjusted RR (range of 1.25-4.90) and smoking-adjusted RRs (range of 1.23-4.93) of lung cancer mortality at 100 WLM. This was based on findings from nested case-control studies and the 1960 + sub-cohort of German uranium miners, in which smoking status is available for 56% cohort members (Supplementary Table 2 ) (Kreuzer et al. 2018; Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Schnelzer et al. 2010; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991) . The bias factor was calculated by dividing the smoking-unadjusted RR by the smoking-adjusted RR. A range of smoking-adjusted RRs in the primary data set was then estimated by dividing the smoking-unadjusted RR in the primary analysis by each bias factor, in turn (range of 0.99-1.22).
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Results
The study's main objective was to assess the radon-lung cancer mortality relationship of low radon exposures; thus, the joint cohort (< 100 WLM) represented 62.9% (408) of the lung cancer deaths and 92.0% (394,236) of personyears at risk with a mean cumulative radon exposure (5-year lagged, WLM; weighted by person-years at risk) of 36.42 WLM, compared to the initial joint cohort (649 lung cancer deaths; 428,356 person-years; mean 95.49 WLM). Table 4 describes the characteristics of the Czech, French, and Beaverlodge cohorts, respectively.
Exposure response analyses
A statistically significant excess relative risk of lung cancer mortality was observed for the joint cohort (ERR/ WLM = 0.022; 95% CI 0.013-0.034, P < 0.001). The French and Beaverlodge cohorts had the lowest and highest risk estimates (ERR/WLM = 0.020 and 0.024, respectively); all three cohort's 95% confidence intervals included the other cohort's risk estimates. An ERR/WLM of 0.029 (95% CI 0.014-0.050; P < 0.001) was found for the joint cohort restricted to < 50 WLM (276 lung cancer deaths, 360,370 person-years at risk, mean = 20.35 WLM) ( Table 5 ).
The secondary, categorical analysis of the joint cohort ( Fig. 1; Table 6 ) had a monotonic increase in relative risk. The linear trend was statistically significant (P < 0.001).
The first sensitivity analysis to compare the ERR/WLM of Beaverlodge restrictions to calendar years 1950-1999 (incident hires) and 1965-1999 (prevalent hires) found minimal difference between the two calendar time periods for the whole range of cumulative radon exposures. The total Beaverlodge cohort For the second sensitivity analysis, there were few person-years in 1965-1970 with radon exposures received over 10 years prior (~ 7000 person-years), but a sizable proportion were received up to 5 years prior (~ 22,000 person-years).
Effect modifiers
The ERR/WLM of 0.022 (95% CI 0.013-0.034, P < 0.001) is the ERR/WLM for the reference category of the effect modifier analysis (< 100 WLM joint cohort, sub-cohort, and age at risk were stratifying variables). The ERR/WLM decreased significantly with increasing time since exposure. Exposures received 5-14 years previously were ERR/WLM = 0.035; 95% CI 0.018-0.060; the corresponding risk at least 25 + years was about one-third the risk (ERR/WLM = 0.012; 95% CI 0.004-0.023). Only time since exposure led to a statistically significant improved fit (LR P value = 0.002) over the initial model (Table 7) .
Similar to the primary analyses, both sensitivity analyses [the first combined two of each of the three cohorts and the second limited the initial joint cohort to exposure rates ≤ 5.0 WL] found statistically significant ERR/WLM of lung cancer mortality with increasing radon exposure. The ERR/WLM at exposure rates ≤ 5.0 WL was 0.023 (95% CI 0.017-0.032, P < 0.001), based on 616 lung cancer deaths, without taking effect modifiers into account. The excess relative risk decreased significantly with increasing time since exposure; for exposures received 5-14 years previously the ERR/WLM = 0.043; 95% CI 0.030-0.061; the corresponding risk at least 25 + years was again about one-third the risk (0.043 × 0.31 = 0.013) and led to a statistically significant improved fit (LR P value < 0.001) over the initial model.
A decrease in risk with increasing attained age was also observed (LR P value = 0.016). Table 8 gives the smoking-unadjusted RRs for the joint cohort analysis. Cumulative radon exposure categories were simplified to correspond to the external European joint nested case-control study (Supplementary Table 1 ) (Hunter et al. 2013 ) which provided the smoking prevalence among exposed (50-99 WLM) and reference exposed (< 25 WLM) uranium miners (Nezahat Hunter, special tabulations, 2016-10-17) .
Potential confounding by unmeasured tobacco smoking
The first external sensitivity analysis, using the European smoking prevalence data and external risk estimates of smokers' lung cancer mortality (Gandini et al. 2008 ), resulted in a bias factor of 0.916 and a smoking-adjusted RR of 2.26 (Eq. 4) for ever-smoking exposed miners (50-99 WLM). When we varied the range of smoking prevalence of ever-smokers (60-80%) in 30 different scenarios, a range of bias factors (0.89-1.10) (not shown) and smoking-adjusted risk estimates (RR 1.88-2.33) for ever-smoking exposed miners (50-99 WLM) was found.
The second external sensitivity analysis used published nested case-control studies of tobacco smoking and the 1960 + sub-cohort of German uranium miners (Supplementary Table 2 ) (Kreuzer et al. 2018; Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Schnelzer et al. 2010; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991) to calculate a range of bias factors. The smoking-unadjusted RR was 3.2 at 100 WLM (ERR/WLM = 0.022) from the primary analysis (Table 5) . Thus, the resulting smoking-adjusted RRs ranged from 2.62 to 3.23 at 100 WLM, based on the highest (3.2/1.22 = 2.62) (Hunter et al. 2013) 
Discussion
The joint cohort analysis of male uranium workers confirms a statistically significant linear exposure-response relationship between low cumulative radon exposures and lung cancer mortality (ERR/WLM = 0.022; 95% CI 0.013-0.034) based on 408 lung cancer deaths and 394,236 person-years of follow-up from 1953 to 1999. The exposure-response Table 7 Excess relative risk and relative risk estimates of lung cancer mortality from the interaction models, joint cohort < 100 WLM Maximum likelihood estimates and 95% confidence interval WL working levels, WLM working-level months, ERR/WLM excess relative risk per working-level months, CI confidence interval, N/A not available due to convergence problem in the EPICURE package a ERR/WLM for cumulative radon exposure, 5-year lagged b Relative risks for time since exposure, attained age, and exposure rate variables. Stratification was by sub-cohort (3 categories), and age at risk (12 categories). Parameters are estimated on the basis of the model below. Here the bracketed area represents the cumulative exposures and parameter estimates obtained in different time windows (5-14, 15-24, and 25 + years previously) . Subscript a denotes categories of attained age and the subscript z denotes categories of radon concentration in WL relationship was statistically significant and consistent across the three cohorts. Our risk estimates and 95% confidence intervals are comparable to Czech, French, and German studies of uranium miners based on measured exposures, cohorts first employed after radiation protection measures were in place, and/or low cumulative radon exposures (Supplementary Table 3 ) (Tomasek et al. 2008; Rage et al. 2015; Kreuzer et al. 2015 Kreuzer et al. , 2018 Hunter et al. 2013; Leuraud et al. 2011; Vacquier et al. 2011 ). Our results were higher than recent Ontario and French cohort studies (Navaranjan et al. 2016; Rage et al. 2018 ) with > 50 years of follow-up and low cumulative radon exposures. Their lower risk estimates may reflect greater uncertainty in early estimated or extrapolated radon exposures which may underestimate radon risk.
We found a statistically significant monotonic increase in the relative risk of lung cancer mortality with increasing cumulative radon exposure for the joint cohort categorical analysis (P < 0.001). Workers with cumulative radon exposures of 80-100 WLM had a relative risk (RR 2.32; 95% CI 1.45-3.76) compared to the reference exposure category of 0.0 WLM ( Fig. 1; Table 6 ).
An important result of this analysis is the apparent lack of an effect below 10 WLM cumulative radon exposures, where the risk estimates were around one. The results at this exposure range are imprecise, but may suggest a nonlinear relationship. Although the upper confidence limits are compatible with an increased risk, predicted by a linear non-threshold model, the lower confidence limits are equally compatible with a reduced risk at low exposures model (i.e., hormesis). However, a conclusion of no effect or any effect is not possible because of very low statistical power at these exposures. Larger pooled studies would be useful to provide some answers.
Finally, a statistically significant decrease in the relative risk of lung cancer mortality with increasing time since exposure and a non-statistically significant decrease in risk with attained age were found. No exposure rate effect was found, consistent with several other studies of lung cancer risk at low radon exposures (National Research Council 1999; Tomasek et al. 2008; Lane et al. 2010; Rage et al. 2015; Kreuzer et al. 2018; Walsh et al. 2010; Hunter et al. 2013) .
Information on tobacco smoking, the main risk factor for lung cancer, was not measured in the three cohorts being analyzed. Both sensitivity analyses suggested that a statistically significant linear radon-lung cancer relationship persisted after controlling for tobacco smoking under reasonable smoking scenarios. The first sensitivity analysis for unmeasured tobacco smoking (Steenland and Greenland 2004) observed an unadjusted RR of 2.07 at 50-99 WLM and an adjusted RR of 2.26 (range 1.88-2.33) using external smoking prevalence and tobacco-lung cancer relative risks (Hunter et al. 2013; Gandini et al. 2008 ). The second sensitivity analysis observed an unadjusted RR of 3.20 at 100 WLM and a range of adjusted RRs from 2.62 to 3.23 at 100 WLM using nested case-control studies and the 1960 + subcohort of German uranium miners (Kreuzer et al. 2018; Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Schnelzer et al. 2010; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991 ).
Strengths and limitations
The main strengths of this study were the large sample size, the relatively good quality, measured radon exposure data during the study periods, and good long-term cohort mortality ascertainment.
The joint cohort's sample size substantially increased the statistical power of the individual cohorts (Tomasek et al. 2008; Lane et al. 2010; Vacquier et al. 2011; Rage et al. 2012 ). Higher and more precise risk estimates were found in this joint analysis than in the previous analyses of low radon exposures that were based on earlier time periods and included estimated or extrapolated radon exposure estimates (National Research Council 1999) .
Harmonizing the cohorts by time periods of radiation protection measures, high number and quality of ambient radon measurements, and individual monitoring through PADs substantially increased the likelihood that radon progeny exposure measurements were of high quality (Tomasek et al. 2008; Lane et al. 2010) . However, measurement error may still exist (Stayner et al. 2007 ). Substantial reductions in radon exposures from means of > 20 to < 5 WLM/year occurred during the time periods under study, largely due to mechanical ventilation systems and regulatory exposure limits (Tomasek et al. 2008; Lane et al. 2010) . The past time periods of low mean annual radon exposures reflect modern occupational exposures although the exposures were still higher than current mean annual exposures (< 0.25 WLM/ year from 2005 to 2015) (National Dose Registry, special tabulations, 2016-11-15) . The joint analysis had long-term and high-quality mortality follow-up of uranium miners to 1999. The Czech and Beaverlodge cohorts had almost complete ascertainment of lung cancer mortality. Histology was available for at least 80% of lung cancers in the Czech cohort. Of those who died; only 0.4% of the Czech cohort had missing causes of death (Tomasek et al. 2008) . Causes of death were obtained for ~ 89% in the Eldorado cohort (Zablotska et al. 2013 ). This percentage was likely greater for Beaverlodge workers employed after 1965 due to improvements in the quality of the national mortality database over time and the use of the SIN which substantially improved record linkage (CNSC 2004) . Although the French national mortality database did not exist before 1968; only ~ 3% of overall miners had missing causes of death. Correcting for missing causes of death did not have a large impact on the exposure-response relationship, because most French workers were still alive in 1968. Thus, the number of lung cancer deaths before 1968 was small (Tomasek et al. 2008; Laurier et al. 2004) .
The main limitation of this study was that only grouped person-year data, not individual data, were available for this analysis. Thus, analytic decisions such as choice of categorical variable cutoffs were limited. For time-varying factors, workers contributed to the appropriate category as time progressed. All workers, regardless of their final cumulative exposures, contributed person-years to the exposure data set. However, deaths would only reflect those of workers with < 100 WLM (or < 50 WLM, ≤ 5.0 WL), since any worker with a greater exposure would have died at a higher exposure level. Alternative analytic methods would have been possible if individual-level data were available. In general, grouped and ungrouped data provide equivalent results when modelled identically (Richardson et al. 2004; Loomis et al. 2005) .
Had individual-level data been available, only those individuals with lifetime exposure < 100 WLM would have been analyzed. However, because only grouped data were available, the decision to exclude person-year strata at > 100 WLM from the primary analysis could have introduced a bias through censoring follow-up. Thus, individuals' earlier and lower exposures might have causally affected the risk of lung cancer death, despite that they accumulated more exposure and eventually developed and died from lung cancer at a later time. However, an alternative approach of not excluding person-year strata at > 100 WLM and instead only reporting excess relative risks estimates in the range of 0-100 WLM would have potentially allowed bias from measurement error at higher levels of exposure, which were predominately accumulated in the earlier time periods. In fact, the excess relative risk was estimated when strata at < 100 WLM (Table 5 , ERR/WLM = 0.022; 95% CI 0.013-0.034) was similar to that estimated without making this exclusion (ERR/WLM = 0.020; 95% CI 0.015-0.027).
We addressed potential healthy worker survivor bias (Buckley et al. 2015; Bjor et al. 2015; Picciotto and HertzPicciotto 2015) several ways. Radon exposures were lagged by 5 years to address any changes in a worker's exposure due to lung cancer. Short-term workers were excluded, since they have higher mortality rates than long-term workers unrelated to occupational radon exposures (Buckley et al. 2015; Bjor et al. 2015) . Although short-term Beaverlodge workers (< 6 months) did not have higher crude mortality rates, they had unique characteristics: higher proportion of person-years with age at risk 19-29 years (22.7% versus 4.8%) and cumulative exposure < 5 WLM (87.9% versus 45.3%) compared to long-term workers (≥ 6 months). For these reasons, we excluded them to be consistent with the Czech and French cohorts. Workers with less strenuous jobs (open pit miners, mill workers), independent of duration of work, were included, since we found no evidence that they were less healthy than underground miners (Lane et al. 2010; Vacquier et al. 2009 ). Workers with 0.0 WLM were included as the reference population, since they were not systematically different for those with higher exposures and all job types had some workers with 0.0 WLM.
The start of follow-up began after either 1 or 4 years of employment in the Czech and French cohorts. Unfortunately, the exclusion of miners employed for < 6 months (74 deaths, 97,617 person-years) introduced immortal time bias in the Beaverlodge cohort, because it was not possible to exclude the first 6 months of at risk person-time from person-year tabulations of Beaverlodge workers employed for ≥ 6 months (195 deaths, 150,964 person-years) . Start of follow-up began the first day of employment rather than after the first 6 months had passed. This overestimated the personyears of Beaverlodge workers by 6 months and, therefore, could have resulted in underestimation of the radon-lung cancer relationship. However, the potential healthy worker survivor bias of short-term workers likely would have had a more important impact than the immortal time bias. Workers employed < 6 months had a skewed person-year distribution of age at risk 16-29 years and low cumulative radon exposures (mean 9.95 WLM). This would have affected the harmonization of the Beaverlodge cohort with the Czech and French cohorts.
Only miners who were "incident hires", who were first employed on or after 1953 or 1956, respectively, were included in the Czech and French cohorts. However, "prevalent" hires were introduced into the Beaverlodge cohort, since the use of person-year tables meant that workers who were first employed before 1965 were still retained, but their person-time contributions before 1965 were excluded. About 13% (37,265 person-years) of total person-time occurred from 1950 to 1964.
Sensitivity analyses of the Beaverlodge cohort suggested that risk estimates may be slightly overestimated, but there was not a big influence of prevalent hires on the exposure-response relationship. The impact of prevalent and incident hires on the potential healthy worker survivor bias, based on the workers' date of hire before or after the start of follow-up, has been assessed in two recent occupational cohort studies (Costello et al. 2011; Applebaum et al. 2007) . Despite the loss of statistical power and a restricted exposure range, decreasing the relative proportion of prevalent to incident hires reduced healthy worker bias, resulting in stronger evidence for a dose-response between occupational exposures and cancer mortality.
We used two different sensitivity analyses to assess the magnitude of the confounding effect of tobacco smoking. The first sensitivity analysis varied miners' presumed smoking prevalence and the strength of the smoking-lung cancer mortality relationship to assess the sensitivity of the results under different plausible tobacco smoking scenarios. While our approach assumed that smoking-related risk estimates were generalizable to uranium miners, the meta-analysis (Gandini et al. 2008) included different populations and different smoking status definitions than those used in this study (Hunter et al. 2013) . Smoking intensity may be a better measure than smoking status. Unfortunately, studies of radon-exposed miners (Villeneuve et al. 2007; SchubauerBerigan et al. 2009 ) assessed the impact of smoking intensity only at > 100 WLM. We assumed that the effect of radon was constant across levels of smoking status; however, the joint effect of tobacco smoking and radon is between an additive and multiplicative interaction (National Research Council 1999; Kreuzer et al. 2018; Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Schubauer-Berigan et al. 2009; Tomasek 2011 ). Nested case-control studies and the 1960 + sub-cohort of German uranium miners suggest that estimates of parameters in relative risk models are relatively close between estimates of parameters when smoking is adjusted for and when smoking is ignored. Likewise, these estimates correspond to the risk in smokers (majority of cases). The overall risk (in smokers + never smokers) is somewhat higher, because risk coefficients in never smokers are higher by a factor of ~ 2-3 (National Research Council 1999; Kreuzer et al. 2018) .
The second sensitivity analysis likely better reflects the bias due to unmeasured smoking, since it was derived from nested case-control studies and a sub-cohort of uranium miners similar to those in our study (Kreuzer et al. 2018; Hunter et al. 2013; Leuraud et al. 2007 Leuraud et al. , 2011 Schnelzer et al. 2010; Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991) . The European joint nested case-control study at < 100 WLM (Hunter et al. 2013 ) and restricted to later time periods are likely most reflective of our joint cohort analysis, since they include the French and Czech cohorts, low radon exposures and time periods of quality exposures. The larger size of the joint nested case-control study (Hunter et al. 2013; Leuraud et al. 2011 ) and the 1960 + sub-cohort of the German cohort study (Kreuzer et al. 2018 ), compared to the cohort-specific nested case-control studies Tomasek 2011 Tomasek , 2013 L'Abbé et al. 1991; Leuraud et al. 2007 ) provided more statistical power to assess the risk of lung cancer mortality at low radon exposures, adjusting for tobacco smoking. Nonetheless, measures of tobacco smoking status were crude in the sensitivity analysis, so had implications for residual confounding.
We assessed the impact of tobacco smoking on the radon-lung cancer relationship, because confounding can play a larger relative role when evaluating small effect sizes. Nonetheless, examples of substantial confounding are rare in studies of occupational exposures and lung cancer (Blair et al. 2007 ); tobacco-adjusted RRs are rarely appreciably different from unadjusted estimates. Our tobacco smoking sensitivity analyses support this outcome.
Gamma radiation, long-lived alpha radionuclides, residential radon, arsenic, silica, and diesel exhaust are human carcinogens (IARC 2012a (IARC , 2012b (IARC , 2013 and were reviewed as potential confounding factors for this study (Lane et al. 2010; Rage et al. 2012 Rage et al. , 2015 Tomasek 2013; Walsh et al. 2010; Leuraud et al. 2011; Vacquier et al. 2011; Amabile et al. 2009 ). Many findings on other well-established human carcinogens indicate that confounding in occupational studies of lung cancer is rare and is not likely to be an explanation for positive study findings (Bruske-Hohlfeld et al. 2000; Lubin et al. 2000; Richiardi et al. 2005) . If tobacco use does not confound lung cancer risks in occupational studies, it is even less likely that those more modest risk factors for lung cancer, with no known association with the occupational radon exposure of interest, would have a substantial effect (Blair et al. 2007 ).
Implications
Today's uranium miners are exposed to very low cumulative radon exposures. For example, the mean annual radon exposures of Canadian uranium miners ranged from 0.106 to 0.214 WLM from 2005 to 2015; the sum of 10 years average annual radon exposure was ~ 1.8 WLM (National Dose Registry, special tabulations, 2016-11-15) . Although the same standards are applied worldwide for radiation protection, not all countries necessarily achieve the same low levels.
Joint analyses of existing cohorts of radon-exposed miners that are restricted to time periods of high quality, measured and low cumulative radon exposures, with long-term mortality and cancer incidence follow-up, may provide our best estimates of lung cancer risk at low cumulative radon exposures. These joint analyses are necessary to provide the statistical power to assess different aspects of this risk relationship. Precise quantification of the health risks at low cumulative radon exposures and the factors that confound and modify this risk are essential to provide objective scientific information to support radiation protection (ICRP 2017) .
Conclusion
Our analysis adds precise risk estimates of the risk of lung cancer mortality at low cumulative radon exposures < 100 WLM. It is based on three cohorts of uranium miners who were first employed after radon mitigation measures were in place and who had high-quality radon exposure measurements and long-term mortality follow-up. The study has important occupational and public health implications. The analyses of joint cohorts of uranium miners with high-quality and low cumulative exposures and extended mortality follow-up are important for ongoing assessment of occupational radon-lung cancer mortality risk.
